By using a multiscale approach based on first-principles density functional theory combined with atomistic spin dynamics, we investigate the electronic structure and magnetization dynamics of an inverse Heusler and a Heusler compound and their alloys, i. e. Mn2−xZ xCoAl and Mn2−xZ xVAl, where Z = Mo, W, Os and Ru, respectively. A signature of the ferrimagnetic ordering of Mn2CoAl and Mn2VAl Heusler alloys is reflected in the calculated Heisenberg exchange constants. They decay very rapidly with the interatomic distance and have short range, which is a consequence of the existence of the finite gap in the minority spin band. The calculated Gilbert damping parameter of both Mn2CoAl and Mn2VAl is high compared to other half-metals, but interestingly in the particular case of the inverse Mn2CoAl alloys and due to the spin-gapless semiconducting property, the damping parameters decrease with the doping concentration in clear contradiction to the general trend. Atomistic spin dynamics simulations predict ultrafast magnetisation switching in Mn2CoAl and Mn2VAl under the influence of an external magnetic field, starting from a threshold field of 2 T. Our overall finding extends with Heusler and inverse Heusler alloys, the class of materials that exhibits laser induced magnetic switching.
I. INTRODUCTION
The field of the ultrafast magnetization dynamics has become one of the most important topics in magnetism, starting from the pioneering experiment on ferromagnetic nickel from Beaurepaire et and Co 2 MnSi 19,20 ) aiming to find faster ways of manipulating spins in a controllable way, opening a new field in the advanced information/data storage and data processing technologies.
Experimental observations revealed that the characteristic demagnetization times of 3d elements are within the 100 fs time scale, much faster than that of the 4f -ferromagnets, which show more complex behavior involving a two-step demagnetization process in 10 ps time scale. Surprisingly, recent pump-probe experiments on half-metallic Heusler alloys measured distinguished and typically larger all-optical switching times when compared to 3d-ferromagnets 8, 19 . In these materials, one of the spin channels is completely or partially unoccupied around the Fermi energy, consecutively the magneto optical excitations from one channel to another channel are forbidden.
Attempts to understand the momentum transfer between the electrons, spins and phonons after a short laser pulse have opened a new debate in the field. Several quantitative models had been proposed to describe the mechanism of the ultrafast demagnetization such as the microscopic three-temperature model 21 , stochastic atomistic descriptions 22 , models using the stochastic Landau-Lifshitz-Bloch equation 23, 24 and models suggesting the presence of diffusive or superdiffusive spin currents 6, [25] [26] [27] [28] . The first three models relate the spinscattering to the Gilbert damping parameter, α, that describes the energy dissipation in a magnetic system via elementary spin-flip processes 29, 30 . Here, we combine the ab initio description of the magnetic exchange interaction and Gilbert damping [31] [32] [33] parameter with the LandauLifshitz-Gilbert equation to investigate the demagnetization process in half-metallic ferrimagnetic Heusler and inverse Heusler alloys. Heusler and inverse Heusler alloys are defined as ternary intermetallic compounds with a composition of X 2 Y T (cf. Fig. 1 ). Heusler alloys crystallize in the L2 1 structure (space group Fm3m, 225), with the 4a (0, 0, 0), 4b ( Here, we study the demagnetization dynamics of a Heusler and an inverse Heusler compound and their alloys, i.e. Mn 2−x Z x VAl and Mn 2−x Z x CoAl, where Z = Mo, W, Os and Ru. Mn 2 VAl is a well known half-metallic ferrimagnetic Heusler compound [34] [35] [36] [37] [38] [39] where the minority spin channel is the conducting one 40 . Mn 2 CoAl adopts the inverse Heusler structure 41 and it is predicted 41 and confirmed 42 to be a spin gapless magnetic semiconductor. These peculiarities of the band structure are reflected in the Gilbert damping parameter and affect the magnetisation dynamics under the influence of a laser pulse, as will be described below.
The paper is divided as follows: In Section II we introduce our numerical technique to study materials properties and magnetization dynamics in Heusler alloys. Electronic and magnetic properties of the parent Heusler alloys Mn 2 CoAl and Mn 2 VAl as well as doping of these materials with Os, Ru, W, and Mo is discussed in Section III A. Demagnetisation studies of these alloys caused by a femtosecond laser are described in Section III E. Finally, the article concludes in Section IV with an outlook.
II. METHODS

A. Electronic structure calculation
The electronic and magnetic properties of the studied materials are obtained from first principle calculations by applying full-relativistic multiple scattering theory as formulated in the Korringa-Kohn-Rostocker (KKR) approach 43 . This method is implemented in the SPR-KKR package 44, 45 . Solving the Dirac equation, relativistic effects are fully accounted for, especially the spin-orbit interaction which is essential for heavy elements such as the here considered dopants Os, W, Ru, and Mo. The potentials are treated by the atomic sphere approximation (ASA) and obtained by self-consistently solving the Kohn-Sham density functional theory (DFT) equation within the local density (LDA) or generalized gradient approximation (PBE) as devised by Perdew, Burke and Ernzerhof 46, 47 . Note that we applied the PBE functional if not further specified. The irreducible Brillouin zone is sampled by ≈ 500 k-points. To describe substitutional disorder in the sub-lattices of the alloys we make use of the coherent potential approximation (CPA) 48 . The spin-polarized scalar relativistic full-potential (SR-FP) mode 49 of the KKR approach is used to calculate the total energies as a function of volume [E(V )], which gives an estimate of the lattice constant a 0 .
B. Calculation of Heisenberg exchange and Gilbert damping
The angular momentum transfer in terms of Heisenberg exchange interactions J ij and energy dissipation related to the Gilbert damping parameter α is determined by an ab-initio method with the aim to address the magnetic ground state and also the dynamical properties by using the Landau-Lifshitz-Gilbert equation. The interatomic exchange interactions, J ij , were calculated via the Liechtenstein-Katsnelson-AntropovGubanov (LKAG) formalism
where
i,↓ is the spin-resolved difference of the single-site scattering matrix t i at site i and τ ij is the scattering path operator, describing the propagation of the electrons between two sites i and j. The Fermi energy is denoted by ε F . Note that in CPA, the multiple scattering matrix is replaced by the scattering properties of the effective mediumτ iµ,jν = X iµ τ
CP A ij
X jν constructed from a defect of type µ, ν at site i, j, respectively. The defects are taken into account by the defect matrix X iµ . From the calculated exchange interactions, it is possible to obtain the spin wave stiffness, D, which is expressed as:
by using super cell calculation with random configurations of the dopants in 12 ensembles and starting from a reference site i = 0. The distance between site i and j is given by r ij and the parameter η is introduced to guarantee convergence within a Pade interpolation approximation. The Gilbert damping parameter is identified on the basis of the linear response theory 33 by means of the multiple scattering formalism 52 . The diagonal elements µ = x, y, Z of the Gilbert damping tensor can be written as 33 :
where the effective g-factor g = 2(1 + m orb /m spin ) and total magnetic moment m tot = m spin + m orb are given by the spin and orbital moments, m spin and m orb , respectively, ascribed to a unit cell. Equation (3) gives α µµ for the atomic cell at lattice site 0 and implies a summation over contributions from all sites indexed by j, including j = 0. Moreover,τ ij is related to the imaginary part of the multiple scattering operator that is evaluated only at the Fermi energy ε F . Finally, T µ i represents the matrix elements of the torque operatorT µ = βσ µ B xc (r). The notation . . . c represents the configurational average, including vertex corrections 33 derived by Butler 53 and accounting for finite temperature using the alloy analogy model within CPA 54 .
C. Atomistic spin dynamics
The evolution of atomistic spins in a thermal bath is described by the Landau-Lifshitz-Gilbert (LLG) equation 55, 56 , where the dynamics of a magnetic moment is expressed in terms of precession and damping:
Here γ is the gyromagnetic ratio, α represents the dimensionless Gilbert damping constant, and m i = m i e i is an individual atomic moment on site i. The effective magnetic field is given by B i = − ∂H ∂mi + b i , where H = − i =j J ij e i · e j and b i is an stochastic field. The latter describes white noise ( b i (t) · b j (t ) = 2Dδ ij δ(t − t )), where the fluctuation width is D = αk B Ts /γm. Thus, the spin temperature T s directly passes into LLG equation via the stochastic magnetic field b i and is obtained from solving the two-temperature (2T) model 57 . The analytical expression of this two temperature model reads,
where T 0 is the initial temperature of the system, T P is the peak temperature after the laser pulse is applied and T F is the final temperature. Both the initial and final temperature are set to 300 K, where the peak temperature is a parameter in the simulations. The timedependent parameters τ initial and τ final are exponential parameters, fixed by τ initial = 10 fs and τ final = 20 ps from Ref. [58] . Note that both relaxation times are materials specific and k B is the Boltzmann constant.
III. RESULTS AND DISCUSSION
This current section is divided in five parts. In the first and second part we discuss the electronic structure and the magnetic moments, respectively, of pure and doped Heusler and inverse Heusler materials based on DFToptimized lattice constants. The third part deals with the Heisenberg interaction, spin wave stiffness, as well as the ordering temperature. The Gilbert damping is discussed in part four. The last part focuses on the demagnetisation and reliable switching in Heusler materials based on the LLG equation.
A. Electronic structure calculations
Lattice parameters are estimated from total energy calculations, compared to Refs. [38] and [59] , and listed in Table I . For undoped Mn 2 CoAl and Mn 2 VAl, we improved the theoretically predicted values used in Ref. [59] by 10% and they are closer to the experimentally measured lattice constant. The improvement comes from taking into account the full-potential, which is known to improve lattice constants 60 . By doping Mn with 4d and 5d metals Mo, Ru, W, and Os, we observe an expected increase of the lattice constant with the concentration of the dopants, since the atomic radius of the dopant is larger than the one of Mn. For Mn 2 VAl, the increase of the lattice constant is substantially bigger (≈ 1% for x = 1% doping) than for Mn 2 CoAl (≈ 0.1% for x = 1% doping).
Thermal switching within our classical atomistic model is completely determined by the Heisenberg exchange and the Gilbert damping of the system 61 , which are in turn identified by the scattering-path matrices and the single-site scattering matrices of the Kohn-Sham problem in Eqs. (1) and (3) . Hence, we first have to address the electronic structure by means of the density of states (DOS; Fig. 2 ). The here studied inverse Heusler Mn 2 CoAl is known to be a spin gapless semiconductor, where an almost zero-width energy gap at the Fermi level exists in the majority-spin channel (the majority states are plotted with positive values and the minority spin states with negative values) but a regular energy gap occurs in the minority spin-channel (see inset in the bottom panel of Fig. 2 ). This was already reported, for example, in Ref. [59] . The density of states and, consequently, the gap are sensitive to the applied exchange correlation functional. Using local density approximation (LDA), states are shifted up in energy (not shown here) compared to the PBE by about 10 meV and, consequently, no gap at the Fermi energy is observed. Note that the offset of the energy from the real axis in Fig. 2 (the spectral width of the electron bands) is small and about 1 meV, which causes sharp features in the DOS. A finite spectral width also gives rise to an overlap of the states around the Fermi level and 'hide' the zero-width energy gap; a finite density of states at ε F is observed. Bands that cross the Fermi level, are mainly allocated to Mn 1 and Co (band structure is not shown here, but it can be found elsewhere 41 ). Note that the superscripts 1 and 2 between the two Mn atoms. In contrast to Ref. [59] , the Fermi energy is not located at the centre of the minority band gap, which will affect the coupling between the collective and single-electron excitations, i.e. the exchange interactions.
The chemical compound Mn 2 VAl, however, is halfmetallic (cf. Fig. 2 ) with a gap in the majority spinchannel. The width of the majority band gap (0.7 eV) is bigger than the minority spin gap in Mn 2 CoAl (0.4 eV), which significantly affects the magnetic properties. In the minority spin channel and at the Fermi energy Mn projected states cause a strong peak in the DOS that hybridize with V atoms. States above the Fermi energy are dominated by the d-states of V atoms.
The spin-gapless semiconducting or half-metallic behaviour in Mn 2−x Z x CoAl and Mn 2−x Z x VAl is destroyed by replacing some of the Mn atoms with heavy metals, Z = Mo, W, Os, Ru of a given concentration x = 0.05 and 0. with Ru and Os preserves the half-metallic behaviour; it add states below the Fermi energy and typically at the energy ε = −0.025 Ryd. Doping with Mo and W reduces the width of the band-gap and shifts it above the Fermi energy. Related to the alloying, the density of states smears out in the whole energy range.
B. Magnetic moments
The exchange splitting in the DOS and, consequently, the total magnetic moment is affected by doping (see Fig. 3 ).
Both Heusler materials are ferrimagnetic. An antiferromagnetic coupling between the Mn atoms was observed for the inverse Heusler alloy Mn 2 CoAl (cf. 63 , transition-metal atoms such as Mn tend to have an antiferromagnetic spin moment when they are close to each other. In Mn 2−x Z x VAl, the Mn atoms are equivalent and, thus, have the same magnetic moment that couple ferromagnetically. The V atom, however, is antiferromagnetic with respect to the Mn atoms and has a strong induced magnetic moment of 0.91 µ B . Opposite to the total magnetic moment, the size of the element resolved magnetic moments is sensitive to the lattice constant of the system and moments can vary up to 13 %, which was also found in Ref. 59 .
The size but not the sign of the elemental magnetic moments changes by doping the Heusler materials with 4d and 5d heavy metals, and, thus, also the total magnetic moment. Typically, the induced magnetic moments of dopants are parallel to the magnetic moment of Mn atoms and they become larger if the magnetic moment of the Mn atom is smaller. In the case of Mn 2 CoAl, the dopants W, Ru, Mo, and Os cause a decay of the total magnetic moment of about 0.1 − 0.2 µ B for x = 1%, while in the case of Mn 2 VAl, only the dopants Ru and Mo decrease the magnetic moment. This is caused by a significant change of the Mn magnetic moments of about ∆m ≈ 0.1 − 0.2 µ B , but also for Co atoms the moment variation is about ∆m ≈ 0.2 µ B .
C. Heisenberg exchange parameter and Curie temperatures
Based on our electronic structure analysis in the Section III B, we calculated the Heisenberg exchange parameter J ij (see Fig. 4 ). The already revealed ferrimagnetic behaviour is reflected also in the exchange constants J. The magnetic exchange parameters decay very rapidly with the interatomic distance, r ij , which is ascribed to the existence of the finite spin gap in the minority-channel 51, 64 . Our results for Mn 2 CoAl are similar to the ones already reported in Refs. [62, 59] . Note the factor of 2 in Ref. [59] with a ferromagnetic coupling but with half the strength of the Mn-V interaction. The coupling between equivalent Mn atoms in Mn 2 VAl (Mn 1 -Mn 1 and Mn 2 -Mn 2 ) is small and negligible. The calculated interactions depend to some extent on the details of the calculations. In particular, the J Mn-Co and J Mn-V interactions depend strongly on the applied exchange-correlation functional, but also on the lattice constant of the system. Notice that for J Mn-Co and J Mn-V in LDA we obtain twice the size of the J's from PBE (not shown here). The other couplings (e.g. J Mn-Al , J Co-Al , J V-Al ) turned out to be negligible, primarily caused by a vanishing magnetic moment on the Al atom.
As shown in Fig. 5 , doping with 4d and 5d elements reduces nearest-neighbour interactions and the correlation length between magnetic moments, which is a direct consequence of the disorder and the coherent potential approximation 65 . Nearest neighbour interactions are affected mostly by the doping. In general, the exchange couplings diminish with doping concentration x up to 0.6 mRyd for W and x = 0.1. For Os and Ru doping, there is a slight increase of the exchange coupling (about 0.03 mRyd).
With knowledge about the trends in the exchange couplings {J}, one can estimate the spin-wave stiffness D and the phase transition temperature from both mean field theory via k B T M F C = 3 /2 j J 0j or from Monte Carlo simulations. The results are shown in Fig. 6 . The spin-wave stiffness (upper panel in Fig. 6 ) for Mn 2−x CoAl is in good agreement with Ref. [59] , while for Mn 2−x VAl we reproduce the spin wave stiffness constant D already reported in Ref. [66] (D = 324 meVÅ 2 ), but not the experimentally measured stiffness 67 (D = 534 meVÅ 2 ). For the Co based Heusler compounds we obtain a hardening of the spin-waves after an initial softening, where for the V based Heusler compound, only hardening of the spin-waves with doping is observed. The phase transition temperature T C , which turns out to be inversely proportional to D, decreases with doping concentration x for two reasons, namely: i) reduction of the magnetic moment due to doping and, consequently, stronger fluctuations at a given temperature as well as ii) reduction of correlation. The critical temperature T C is obtained from Monte Carlo simulations on the Metropolis algorithm 68 , from Binder's fourth cumulant 68 for different simulated system sizes but also from the spin susceptibility χ. Note that the first method could fail for antiferro-and ferrimagnets. Thus, we obtain a systematic error of about ±5 K. 66 and could have multiple reasons. First, magnetic properties in Heusler alloys are sensitive to the interstitial region spanned by the muffin tin potential. Thus, full-potential simulations are required as it was shown in Refs. [41, 42, and 69] . Also the results depend crucially on the choice of the exchange-correlation functional and on electron correlations e.g. addressed by including a Hubbard U 66 . Second, the Heisenberg exchange is calculated for a collinear ferrimagnetic state but when the magnetic r ij · a disorder is taken into account in the electronic structure, usually the exchange interaction is biased 65 . Based on the alloy analogy model 54 , we modelled also the temperature stability of the magnetic properties (magnetic moments and magnetic exchange) coming from electronic structure by the partial disordered local moment (DLM) 600 700 800 900 1000 1100 1200 approximation within the Ising model 65 . DLM approach is believed to accurately describe 'spin temperature' in the electronic structure 70 . However, it turned out that the disordered local moment theory can not be applied to both Heusler and inverse Heusler for similar reasons as for Ni 71 : the magnetic moments in Al and Co/V disappear. For Mn 2 CoAl, our simulations show furthermore that the magnetic moment of the Mn 2 atom is zero in the paramagnetic phase and, consequently, the magnetic exchange and the phase transition temperature are zero. This result is independent of the doping with 4d and 5d elements. These results indicate the inconsistency of the DLM model for Heusler materials. It is still an open question, if results get improved by applying relativistic DLM theory 72 . Third, we consider only a simplified approach for electron correlation in the LDA and GGA density functional. However, it is known 66 that improved models for electron correlation have the trend to increase slightly the phase transition temperature.
D. Gilbert damping
Previous studies 61 have shown that Gilbert damping is a crucial parameter in the ultrafast switching procedure and, thus, call for ab-initio footing. Figure 7 shows the Gilbert damping α as a function x at T = 300 K. Note that for these calculations both lattice and magnetic fluctuations terms are considered, where the magnetic fluctuations are assumed from a linear correlation between the magnetization and the temperature. This could result in errors, in particular at high temperatures. The Gilbert damping of both undoped Heusler materials (Mn 2 CoAl: α = 0.0030, Mn 2 VAl: α = 0.0029) is high compared to other half-metals reported, e.g., in Ref. [66] or low-damping alloys like Fe 0.75 Co 0. 25 73 . The trends of the Gilbert damping parameters with dopant concentration are different for Heusler and inverse Heusler materials. In Mn 2−x Z x VAl, doping leads to an increase of the damping with x, except for the case of Ru. The slope of α versus concentration x follows the general increase of the total density of states at the Fermi level as it is proposed in Refs. [33, 73, and 74] , but not linear to it. This non-linearity was already observed for Heusler materials in Ref. [66] or doped permalloy with the heavy 4d and 5d elements used here 75 . The observed damping α is different from zero, however, small. This is in line with the theory proposed in Ref. [74] , in which damping is proportional to the product of the spin-polarised DOS and, consequently α ≈ 0. The increase of damping can be also understood in terms of the Kamberský model 76, 77 : Alloying broadens the electron bands and more spin-flip transitions between the electron states occur. This is true only, if interband transitions are already dominating. In the inverse Heusler material Mn 2 CoAl we even find a decrease with x. This is due to the spin-gapless semiconducting behaviour (cf. Fig. 2 ): Only a low number of states exist at the Fermi energy, making interband transitions unlikely. The damping is dominated by intraband transitions, that tend to decrease with very small x. With increasing x, however, states appear within the gap and interband transition are preferred. Thus, a small increase with even higher concentration is expected and observed. However, not only the number of states at the Fermi energy and the spectral width of the states contribute to the damping, but also the spin-orbit coupling (SOC), the Landé factor, and the saturation magnetization affect the damping parameter. Since we dope with rather heavy elements W, Mo, Ru, and Os, spin orbit coupling strongly contributes to the variation of damping with concentration x: the higher the 'mass' of the dopant atom (W and Os compared to Ru and Mo) is, the higher is the damping parameter.
After we addressed all relevant parameters for the simulation based on the Landau-Lifshitz-Gilbert equation, we are able to perform ultrafast switching calculations. In order to study the ultrafast switching process in Heusler alloys we combined the two temperature model with an atomistic spin dynamics code 78 . Here, we considered a very long thermal pulse of 20 ps with different peak temperatures T P . Typical timescales of the ultrafast demagnetization and remagnetization process for Mn 2 VAl and Mn 2 CoAl are in the orders of picoseconds (1 − 5 ps) (see Fig. 8 ). The time scales are mainly dictated by the Gilbert damping α, which is varied in our studies between 0.003, 0.006, and 0.009, but can depend on the Heisenberg exchange 12 . As demonstrated above, these damping values are achievable by doping the 'pure' Heusler materials. There is only a slight shift observable in the demagnetization time of each individual element in Mn 2 CoAl, where for Mn 2 VAl, it is not. After demagnetization, the Heusler material undergoes reliable switching only when an external magnetic field induced by the pump-pulse is present. Thus, three parameters -damping, peak temperature and pulse induced external magnetic fieldspan a phase space for observing reliable switching, as shown in Fig. 9 .
We did not observe any magnetic switching for both Heusler materials with α = 0.003 (data not shown here). Typically for certain threshold peak temperatures T P above the magnetic phase transition temperature (T C = 700 K for Mn 2 CoAl and T C = 475 K for Mn 2 VAl) switching occurs. The peak temperature can be tuned by the laser intensity and the pulse duration. The presence of an effective magnetic field during pumping is discussed in literature 79, 80 . It was argued that the electric field of the pump pulse induces a strong material specific magnetic field of 10 − 100 T. Even below but above certain minimum magnetic field of 1 − 2 T, we observed reliable switching. This threshold magnetic field as well as the switching time (indicated by reduced contrast in Fig. 9 ) decreases with increasing damping. The time when the switching occurs (crossing point in Fig. 8 and colour scale in Fig. 9 ) typically passes a maximum at certain and decreases for larger peak temperatures. However, there is also a minimum switching time of around 2 − 3 ps, controlled by the demagnetization rate. Note that due to the different spin polarization and resulting different atomic magnetic moments and magnetic states, an asymmetry in the phase diagram between Mn 2 CoAl and Mn 2 VAl occurs.
Nevertheless, our approach has certain limitations. For instance, we explicitly neglect the electronic motion and effects like super diffusion or spin-flip scattering, as discussed in Ref. 25 . We also assume the damping to be 'spinand phonon-temperature' independent. This is a rough approximation, in particular, due to the important role of phonons in the demagnetization process (e.g. Ref. [81] ) and for energy dissipation in magnetic systems 33 . Furthermore, we neglect the change of the magnetic exchange interaction with temperature, although magnetic moments of Co and V atoms vanish in the DLM approximation. This behaviour in the disordered local moment theory is well studied 71 and occurs also for Ni atoms. But we have shown elsewhere 58 but also others [82] [83] [84] , that our methodology is applicable for demagnetization in bulk bcc Fe and hcp Co compounds and, likely, for the Heusler materials studied here. We also neglect possible structural phase transition to A2 or B2 disorder during demagnetization.
IV. CONCLUSION
We have demonstrated thermal switching in Heusler and inverse Heusler materials making use of magnetic field pulse induced by the pump-pulse. We found a sensitive dependence of the possible switching and the switching time on the magnetic field pulse strength, the peak temperature in the effective two-temperature model as well as intrinsic materials properties, say the Heisenberg exchange and the Gilbert damping parameter. We have shown that the latter can be tuned by doping heavy elements, say W, Mo, Ru, Os, to both, higher and lower damping values, especially in the case of spin-gapless semiconductor. This calls for further investigations on other spin-gapless semiconductor 59 , aiming for tuning the Gilbert damping to very low values, which may enable interesting spintronic and magnonic applications 85 . Within our methodology, we could reproduce exchange parameter and, consequently, phase transition temperatures reported in literature 59 . Our overall finding extends with Heusler and inverse Heusler alloys the class of materials that exhibits laser induced magnetic switching and calls for future theoretical and experimental studies. 
